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I. Introduction
The development of fault-detection techniques for the in situ health monitoring of gas turbine engines is of high interest to NASA's Aviation Safety Program (AVSP). The rotating components of modern gas turbine engines operate in severe environmental conditions and are exposed to high thermal and mechanical loads. The cumulative effects of these loads over time lead to high stresses, structural deformity, and eventual component failure. Current risk-mitigation practices involve periodic inspections and schedule-based maintenance of engine components to ensure their integrity over the lifetime of the engine. However, these methods have their limitations, and failures are experienced leading to unscheduled maintenance and unplanned engine shutdowns. To prevent these failures and enhance aviation safety, the NASA Integrated Vehicle Health Management (IVHM) Project, as part of the overall AVSP, is investigating new types of sensor technologies and methods for the in situ structural health monitoring and detection of flaws in gas turbine engines. The successful development and implementation of such technology and health-monitoring techniques requires the use of both theoretical and experimental tools to allow new concepts to be investigated and demonstrated prior to use on more complicated and expensive hardware. In order to meet this need, research has been conducted at the NASA Glenn Research Center to develop both global and local approaches for monitoring critical rotor components (Refs. 1 to 6).
As part of these ongoing research activities, significant upgrades were made to Glenn's Rotordynamics Laboratory and a series of experiments were conducted on simulated turbine engine disks to test the applicability of potential crack-detection techniques. The Rotordynamics Laboratory consists of a high-precision spin rig that can rotate subscale engine disks at speeds up to 12 000 rpm. The rig provides a low-cost venue for developing and validating lower Technology Readiness Level (TRL) detection schemes prior to implementing them on more expensive and complicated engine hardware. The spin rig was installed and used from 2003 to 2005 to conduct crack-detection experiments in rotating components (Refs. 5 and 6). However, during this period, the rig's speed was limited to a maximum of 5000 rpm. Over the past year, improvements were made to the spin rig that increased its operational speed to 12 000 rpm and enhanced its capability to support crack-detection experiments.
The crack-detection methodology that was recently investigated on the High Precision Spin Rig involved introducing a notch on a simulated turbine engine disk and monitoring its vibration response as the disk was rotated at speeds up to 12 000 rpm. The vibration response was measured using externally mounted capacitive blade tip clearance sensors. Testing was performed on a clean undamaged baseline disk and a disk with a 50.8-mm-(2-in.-) long notch machined into the disk to simulate a crack. The vibration responses were compared and evaluated against the theoretical models to investigate the applicability and success of detecting the notch. This paper presents an overview of this ongoing research activity, including the capability of the High Precision Spin Rig, the baseline theory behind the crackdetection experiment, and the experimental results from the latest test campaign. Figure 1 shows the Rotordynamics Laboratory's High Precision Spin Rig, which can accommodate simulated engine rotor disks of up to 235 mm (9.25 in.) in diameter. It has a stainless steel shaft with a length of 781 mm (30.75 in.) and diameter of 20 mm (0.79 in.). The shaft is supported by precision contact ball bearings on each end and has adjustable dampers that were positioned along the length of the shaft for these experiments. An encoder mounted on the end of the shaft was used by the control system to provide closed-loop control of rig speed. A secondary optical tachometer was used to record the speed into the data system and to synchronize the data to the rig's rotation. A 12-hp custom-built, brushless direct-current (dc) motor was used to rotate the spin rig and the simulated engine disks. This motor was installed during the last year and replaced the 1-hp motor that was previously used on the rig. The new motor increased the rig's operational speed from 5000 to 12 000 rpm and allowed testing to be accomplished at higher speeds than had been achieved previously.
II. High Precision Spin Rig Description
The rig was set up to acquire two channels of radial blade-tip-clearance data from the simulated engine disk using capacitive displacement sensors. Theses sensors were developed as part of a NASA Small Business Innovation Research (SBIR) contract and were different from traditional capacitive sensors in that their operation was based on a dc offset technique instead of the typical modulation technique (Ref. 6) . A National Instruments System was used to acquire data from the capacitive displacement probes at a fixed sampling rate of 1 MHz. This system and its application software were delivered as part of the SBIR contract for the capacitive blade-tip-clearance sensors. The system used custom data acquisition and processing applications that were tailored for acquiring and processing data from the capacitive sensors. As part of ongoing spin rig improvement activities, the National Instruments System was upgraded to the most current version of hardware and software, which resulted in increased data acquisition and processing capability. In addition, the existing analog channel capacity was expanded from 4 to 20 channels, allowing for future incorporation of additional sensors. Efforts are underway to further modernize and improve the data acquisition system with new software features and additional types of sensors. 
III. Experimental Theory and Setup
The theory behind the crack-detection methodology that was investigated was based on previous theoretical and experimental work performed by Gyekenyesi . The goal of this experiment was to determine if the crackdetection methodology investigated in these earlier studies could be validated by using the upgraded spin rig to conduct tests on simulated engine rotor disks with an introduced notch. This paper summarizes the theory behind the detection technique. Additional details describing the technique and its associated modeling are available in References 5 to 7.
The detection methodology is based on monitoring the vibration response of rotating disks to determine if a crack has developed. The theory implies that a defect, such as a crack, creates minute deformations in the disk as it is rotated. The deformation, in turn, creates a speed-dependent shift in the disk's center of mass. It was theorized that this shift could be detected by analyzing the amplitude and phase of the vibration response of the combined disk-rotor system (Refs. 5 and 6). The system's behavior was modeled after a 2-degree-of-freedom Jeffcott rotor. The model predicts that the vibration amplitude peaks when a clean, undamaged disk goes through the first critical speed, but heads to a lower steadystate value as the speed is increased above the critical speed. Correspondingly, the phase shifts 180° when going through the first critical speed and then stabilizes to a steady-state value as the speed is increased past critical. At this point, the rotor is rotating about the combined system's center of mass and has stabilized. However, as the speed of a cracked disk is increased, centrifugal forces open the crack. This, in turn, deforms the disk and shifts its center of mass. At speeds above critical, the crack-induced shift in the disk's center of mass starts to grow and dominate the overall system's vibration response. The modeling predicts that, instead of heading toward a steady-state value, the vibration amplitude will change as a second-order function of rotational speed as it is increased beyond the first critical speed (Ref. 7) . This can be detected by analyzing the vibration response of the disk-rotor system, particularly the amplitude and phase of the first harmonic, as the system is operated over a range of speeds.
NASA/TM-2010-216239
The testing approach used in this experiment was to spin a simulated engine disk over a speed range from 0 to 12 000 rpm and simultaneously record its vibration response. The vibration response was acquired using capacitive displacement probes (Fig. 2) to acquire blade-tip-clearance data. Two subscale simulated engine turbine disks were tested. The first disk was undamaged and was used to acquire the baseline vibration response data. Figure 1 shows this disk mounted on the High Precision Spin Rig. The disk had an outside diameter of 235 mm (9.25 in.), a bore thickness of 25.4 mm (1 in.), and an outside rim thickness of 31.75 mm (1.25 in.). The thinnest portion of the disk's web was 2.54 mm (0.10 in.). Thirtytwo blades were spaced evenly around the circumference of the disk. Each blade had a cross section of 31.75 mm (1.25 in.) by 3.30 mm (0.13 in.) and a height of 8.38 mm (0.33 in.). References 1 and 2 give additional details on the geometry of the disk. Two materials were considered for the manufacturing of the disk: nickel-base alloy Haynes X-750 (Haynes International, Inc.) and Grade 2 titanium. Simulated gas turbine engine disks were made of each material, and their physical properties (Ref. 8) are listed in Table I . For this experiment, testing was only conducted on the Haynes X-750 disks, which each had a mass of 4.88 kg (10.75 lb). NASA/TM-2010-216239 The second disk is shown in Figure 3 . It was identical to the baseline disk with the exception that a 50.8-mm-(2-in.-) long notch had been introduced in its midspan region to imitate a crack in the disk. The midspan region was selected because prior finite-element analysis had shown that this area experienced high stress levels during operation. The data acquired from this disk were compared with the data from the undamaged baseline disk to determine if the simulated crack could be detected by analyzing the vibration response. Supportive analytical calculations were made using finite-element analysis (Refs. 1 and 2) to complement the experimental work and determine the disk's material limitations.
Figures 4 and 5 show the results from the finite-element analysis. Radial stress variation as a function of rotational speed for the disk with the 50.8-mm-long notch is shown in Figure 4 . The analysis was carried out for both the Haynes X-750 and titanium disks. In addition to the expected stresses, Figure 4 shows the yield curve for both materials. The analysis showed that the titanium disk would reach the yield level at -8000 rpm and that the Haynes X-750 disk would reach the yield level at -12 000 rpm. This analysis provided guidelines on the maximum speed that the disk could be operated at without exceeding the material's yield limit and causing a premature rupture of the disk during operation. For the Haynes X-750 disk, which was tested subsequently, the researchers decided that it would be acceptable to operate at speeds up to 12 000 rpm because this was just on the edge of the yield limit. Figure 5 shows the radial-tip-displacement profile for the disk with the 50.8-mm (2-in.) notch. As in the previous case, Haynes X-750 and titanium disks were analyzed. For the Haynes X-750 disk, a growth of -0.06 mm (-0.002 in.) was expected at the highest operating speed, 12 000 rpm. Although this was within the detection limit of the blade-tip-clearance instrumentation, it should be noted that the major effect that was to be monitored in the experiment was that of the notch on the combined center of mass of the disk rotor system-not just the radial tip growth of the disk.
For the experimentation phase, a series of test runs were conducted on both the baseline and notched disks to determine if the notch could be detected using the methodology described in this section. Bladetip-clearance data were acquired as the disk was operated through various speed profiles as a means of recording the disk's vibration response. The first harmonic component of the tip-clearance data was then analyzed to determine if the amplitude and phase exhibited the expected characteristics associated with the simulated crack in the disk. 
IV. Experimental Results
The experimentation consisted of operating the baseline and notched disks at several speed profiles and recording their vibration responses using the capacitive blade-tip-clearance sensors. Approximately 15 test runs were conducted for each disk. Figure 6 shows a typical test run, or cycle. This consisted of ramping up the disk's speed from 0 rpm to a predefined maximum speed, remaining on condition for 30 to 60 s, then ramping back down to 0 rpm. Blade-tip-clearance data were acquired over the entire cycle. Data sets were acquired at ramp rates of 60 and 100 rpm/s for peak operating speeds of 5000, 10 000, and 12 000 rpm. In addition to the typical test profile shown in Figure 6 , more complex mission profiles were conducted where the speed was ramped to various power levels in an attempt to simulate the rigorous loading conditions that an engine would experience during a typical mission profile. For diagnostic purposes, data sets also were acquired at several steady-state speed conditions. Only a subset of the test runs is covered in this paper because these runs, which are shown in Table II , are thought to be representative of the entire test series. 
A. Data Interpretation and Analysis
The data sets were analyzed and processed using an in-house LabVIEW (National Instruments)-based software application that was previously developed as part of an SBIR contract. The analysis software was specifically tailored to acquire and postprocess blade-tip-displacement data. Figure 7 shows the data plots that were developed for each test case. As discussed earlier, the shifts in the center of mass of the disk-rotor system were tracked by analyzing the synchronous component, or first harmonic, of the vibration response recorded by the blade-tip-clearance sensors. The amplitude Bode plot displays the amplitude of the first harmonic component of the vibration in inches as a function of disk speed in thousands of revolutions per minute. The phase Bode plot displays the phase of the first harmonic component of the vibration in degrees as a function of disk speed in thousands of revolutions per minute. The vibration vector plot displays the vibration response in an x-y (inches vs. inches) format. These plots were developed for all of the test cases and are the primary analysis method that was used to determine if the simulated crack could be detected in the vibration response of the system. B. Case 1-5000-rpm Cycle at 100 rpm/s Figure 8 shows the results from the 5000-rpm cycle for both the baseline and notched disks. In this test case, the speed of the disk was increased from 0 to 5000 rpm at a ramp rate of 100 rpm/s, held on condition for 60 s, then ramped down to 0 rpm. The figure shows the analysis for the ramp up to 5000 rpm. Both disks exhibited the expected peak in amplitude and 180° phase shift when going through the first critical speed, theoretically calculated at ~2600 rpm. In each case, the peak amplitude reached was ~0.10 mm (~0.004 in.). For this case, no major differences were observed in the amplitude plots as the speed was increased. In addition, no major difference was noticed in the phase and x-y plots. The results for this test case indicate that the loading caused by the rotational speed on the notch was negligible and that changes in the center of mass were minimal and below the detection limits. This was similar to what was previously observed in the experimental work described in Reference 6, which led to increasing the test rig's speed capability by upgrading to a higher horse power motor. C. Case 2-10 000-rpm Cycle at 100 rpm/s Figure 9 shows results from the 10 000-rpm cycle for both the baseline and notched disks. In this test case, the speed of the disk was increased from 0 to 10 000 rpm at a ramp rate of 100 rpm/s, held on condition for 60 s, then ramped down to 0 rpm. As with the previous case, the figure shows the analysis for the ramp up to 10 000 rpm. Both disks exhibited the expected peak in amplitude and 180° phase shift as heading through the first critical speed. As in the previous case, the peak amplitude for both disks was 0.10 mm (~0.004 in.). However, in this case, a slight difference was observed in the amplitude plot for the notched disk as the speed was increased. Instead of decaying toward a steady-state value, the amplitude exhibited oscillations as the speed was increased past 5000 rpm. This may have been due to the presence of the notch. The authors believed that, for this test run, the system may have been on the verge of detecting the preexisting flaw in the disk. However, it cannot be concluded that this was definitively due to the simulated crack. It may have been due to differences in the mechanical setup of the disks. Nonetheless, a difference was noted in the amplitude plots and provided the basis for further investigation. Figure 10 shows the results from the 12 000-rpm cycle for both the baseline and notched disks. In this test case, the speed of the disk was increased from 0 to 12 000 rpm at a ramp rate of 100 rpm/s, held on condition for 60 s, then ramped down to 0 rpm. The figure shows the analysis for the initial ramp up to 12 000 rpm. As noted in the prior test cases, both disks exhibited a peak in the amplitude and a 180°p hase shift when going through the first critical speed. The amplitude for the notched disk did not show a speed-dependent variation over the speed range nor did it appear to have the fluctuations observed in the 10 000-rpm test case. However, a higher amplitude peak was experienced for the notched disk. The notched disk had an amplitude peak of -0.15 mm (-0.006 in.) in comparison to a peak amplitude of -0.10 mm (-0.004 in.) for the baseline disk. In addition, there was a noticeable difference in the x-y vibration vector plot for the notched disk. The vibration vector for the notched disk did not exhibit a circular orbit as was the case for the baseline disk, but rather it wrapped around as it moved through the speed range. In earlier studies this phenomenon was noted as an indication of the existence of a crack. 7 In summary, there were noticeable differences in the vibration amplitude and x-y plots, but again they do not fully follow the trend predicted by the prescribed model when a crack is present. As in the previous test case, the findings act as if there is a crack in the disk, but they are not conclusive. Again, the authors theorized that the system was on the verge of being able to detect the simulated crack. E. Case 4-10 000-rpm Multiple-Cycle Run at 100 rpm/s Figure 11 shows the results from the multiple-cycle run for both the baseline and notched disks. In this test case, the speed of the disk was increased from 0 to 10 000 rpm at a ramp rate of 100 rpm/s, cycled between 10 000 and 5000 rpm for three cycles, then ramped down from 10 000 to 0 rpm. This was done to simulate a mission profile from cruise to full power and to observe the effects of cyclical loading on the disks. The figure shows the analysis for the last cycle, starting at 10 000 rpm and ending at 0 rpm. This test case offered promising results, with the vibration amplitude for the notched disk exhibiting the expected speed-dependent change in amplitude. As explained in Section III, the presence of a crack indicates if a second-order speed-dependent variation was observed in the vibration amplitude as it was operated in the postcritical speed regime. In this test case, a speed-dependent rise was observed in the amplitude data for the notched disk. Figure 12 shows the vibration amplitude plot for the notched disk. The area of interest showing the speed-dependent rise is highlighted within the circle. A curve-fit analysis was conducted on the vibration data in this region, and it closely followed a second-order polynomial fit. The results of this analysis are shown in Figure 13 . Although the vibration amplitude data were promising in this region, it was also observed that the second-order speed-dependent variation was not consistent over the entire range and that it appeared to reset itself at a speed of ~9500 rpm. Moreover, this amplitude variation was not observed in other test runs, which cast some doubt on whether the effect was entirely due to the notch or to some other factor that is yet to be determined. It was also observed that the vibration vector x-y plot did not exhibit a change in orbit as it did in the 12 000-rpm test case. However, this case yielded the best data so far and showed positive indications of being able to detect a defect such as a crack by analyzing the disk's vibration response, specifically the vibration amplitude as a function of disk speed.
D. Case 3-12 000-rpm Cycle at 100 rpm/s
The authors theorized that what made this case different, and more promising than the other test runs, is that this test was conducted toward the end of a day's worth of testing and that many cycles had been placed on the disk prior to this test run. In addition, it was felt that the disk experienced more loading because of the cyclical nature of the test profile. Again, it was postulated that the system was on the verge of being able to make a positive detection using the vibration response crack-detection methodology. Current plans call for improvements to the setup and build-off of this test to further investigate, verify, and develop crack-detection techniques.
Conclusions and Future Work
NASA Glenn Research Center's High Precision Spin Rig was upgraded successfully, and its operating speed was increased from 5000 to 12 000 rpm, greatly extending its capability. Along with increasing the speed range, the data system was upgraded to improve the quality of the data and to allow for future expansion of the test rig's instrumentation.
After the upgrade, experiments were conducted on simulated engine disks to demonstrate a potential crack-detection methodology. This crack-detection scheme involved the acquisition of blade-tip-clearance data from both a baseline disk and a defective disk that had a 50.8-mm-(2-in.-) long notch machined onto it. Test runs were conducted over several operational speeds to determine if a simulated crack could be detected by analyzing the disk's vibration response as measured by the blade-tip-clearance sensors. Although the results were promising, they were not entirely conclusive. In the test cases where high operational speeds were encountered, the data exhibited some, but not all of the expected trends. The case that yielded the best results was the 10 000-rpm multiple-cycle test run. This particular case was conducted after many operations had been completed on the disk. It showed a speed-dependent rise in the vibration amplitude, at least for a portion of its speed range, indicating that a crack-induced shift in the disk's center of mass may be detectable. In the other cases, it was noted that the system was on the verge of being able to detect the simulated crack. Further investigations will be conducted with the spin rig to validate this detection concept and others.
The information learned from these experiments will be used to make further improvements to the High Precision Spin Rig and to improve its usefulness in developing and validating flaw-detection concepts. Potential improvements follow:
• Improve the rig setup to eliminate mechanical noise issues • Implement additional displacement sensors to monitor the motion of the shaft • Implement the use of microwave-based blade-tip-clearance sensors to improve signal accuracy and reduce noise
• Implement wireless technology for local flaw-detection techniques • Make improvements to the data and control systems, improving data acquisition and analysis and automating rig motion controls These improvements are expected to be incorporated as time and testing requirements permit. In conclusion, Glenn's spin rig provides a low-cost venue for developing and validating lower Technology Readiness Level (TRL) detection schemes before employing and trying them out on more expensive and complicated components, geometries, and hardware. The test rig showed partial success in demonstrating a crack-detection methodology that involved monitoring and analyzing the vibration response of rotating disks. Additional work is planned to improve the spin rig and to further develop crack-and flaw-detection techniques.
